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first subject received 24 cumulative hours of exposure, the second, 40 hours
and the third, 42 hours The radiances of the hemisphere were 6, 12 and
440 uw/cma/sr, respectivey. The eyes were enucleated 4, 11, and 7 days after

the last exposure. Observations were made on 1.3 mm long sections through the
foveola (temporal to nasal). The number of basal bodies (4.9 + 1.3 BB/mm) and
striated rootlets (7.6 -+ 1.3 SR/mm) in the apex of the RPE cells of the exposed
eyes was 2.5 the number observed in the occluded eye (2.0 + 1.2 BB/mm and 3.0 +
1.6 SR/mm) for the first two animals. In these exposed maculas, the outer seg-
ments were separated from the RPE and the space was filled with proteinaceous
fluid. No separation was observed in the maculas of the occluded eyes or eyes
of the third animal which showed a smaller increase in the number of BBs and
SRs. The increase in BBs and SRs was correlated with exposure to DALR and may
represent the lower end of a continuum of morphologic change that is initiated
by light in the RPE. These results suggest changes in the metabolic milieu of

the RPE - photoreceptor relationship which may be related to the observation
of the speckle pattern produced by coherent sources.
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BASAL BODY AND STRIATED ROOTLET CHANGES IN PRIMATE MACULAR RETINAL
PIGMENTED EPITHELIUM AFTER LOW LEVEL DIFFUSE ARGON LASER RADIATION
--Schuschereba, Zwick, Stuck, and Beatrice

ABSTRACT

Basal bodies or centrioles(BB - microtubule organisinp, ,.nters) and
striated rootlets (SR - bundles of 60 A actin-like fila3ments) h:,ve a
close association in primate retinal pipmented epithelial (IWP]) cell-.
The frequency of occurrence of these structures was evnlated in the
macular RPE after repeated exposure to low level diffuse -irgon laser
radiation (DALR). The awake chaired animal's head was restr:,ined and
positioned near the center of a 0.71, m hemisphere which wns diffusely
irradiated with 514.5 nm laser radiation. The right ey of each
subject was occluded during the two hour exposure session. 'he rirst
subject received 24 cumulative hours of exposure, the second, 40 hours
and the third 42 hours. The radiances of the hemisphere were r, 12
and 440 uw/cm /sr respectively. The eyes were enuclated 4, 11 ind I

days after the last exposure. Observations were mnde on %. insn lori,
sections through the foveola (temporal to nasal). The number of bas:,l
bodies (4.9 + 1.3 BB/mm) and striated rootlet.- (7.(, 1 1 . ;") 'mm) in
the apex of the RPE cells of the exposed eyes wa.n times the rnumber
observed in the occluded eye (2.0 + 1.2 BP/mm and 7.0 + 1.6 SR/mm) for
the first two a-imals. In these exposed maculas, the outer sepments
were separate(. from the RPE and the space was fil led with
proteinaceous fluid. No separation was observed in tht- macu],s of the
occluded eyes or eyes of the third animal which -howed a smaller
increase in the number of BPs ari SRs. The increise in PPs and SRs
was correlated with exposure to PALR and may roprpsont the lower tnd
of a continuum of morphologic change that is initiated by light in the
RPE. These results suggest changes in the metabolic milieu of the RPE
- photoreceptor relationship which may be related to the observation
of the speckle pattern produced by diffuse coherent sourc s.
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BASAL BODY AND STRIATED ROOTLET CHANGES IN PRIMATE MACULAR RETINAL
PIGMENTED EPITHELIUM AFTER LOW LEVEL DIFFUSE ARGON LASER RADIATION
--Schuschereba, Zwick, Stuck, Beatrice

In recent years, much has been done in the area of low-level
light effects on the retinal; this has been summarized by Lanulr (1).
Such effects result from nonthermal rather than thermal damage
mechanisms. Numerous explanations have been proposed. Nost evidence
suggests that nonthermal retinal effects (photochomircal) are
restrictive to the short and intermediate visible and near visible
spectrum. Photochemical damage processes may reside in either the
retinal pigment epithelium (RPE), the pbotoreceptor, or between the
photoreceptor and the RPE and may represent a breakdown of complex
metabolic processes that normally occur between the photoreceptors and
the RPE. We have examined a novel morphologic aspect of this problem,
the distribution of basal bodies and striated rootlets in ti, retina.
of monkeys exposed to chronic diffuse visible laser light.

Basal bodies (BB) or centioles are widely known as microtubule
organizing centers of the cell. They contain a ninefold symmetry of
microtubule doublets or triplets and represent the preferred site
within the cell for microtubule polymerization. They usually occur in
pairs, at right angles to each other, and seem to divide autonomously.
Striated rootlets (SR), bundles of 60 R actin-like fiIam-nts cross-
linked with a longitudinal periodicity of about 700 R are often
associated with BBs. Little is actually known about thu functional
significance of the striated rootlets (2). Both of these- structures
have a close association in the apical portion of primate retinal
pigment epithelial cells. While the relationship of these structures
to other organelles remains unclear for now, their significance to
visual function may be of consequence. Recent morpholopical.
investigations of mammalian photoreceptors indicate that the striated
rootlet courses the entire length of both Rhesus monkey rods and cones
(3). Furthermore, recent psychophysical evidence suggests that the
photoreceptors may have the ability to make amall alinment changes
(4,5) which could involve the striated rootlet system. Tho presont
experiment was initiated to examine the subtleties of morphologic
change possibly correlated with alterations in spectral sensitivities
produced in Rhesus monkeys exposed to low levels of diffuse argon
laser radiation (DALR) (6). In earlier work, we were unable to
distinguish morphological alterations between exposed and nonexposed
eyes (7), although outer segment lameliae changes have been a common
characteristic found in mammalian retinas exposed t.o low-level light
(I). This work attempts to correl ate the more :'btle asp-cts of
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reported el.ewhere (s).

METHOP,2

Three untrained Rhesus monkeys (Macaca mulatta, approximately 7
years old weighing about 3.5 kg) with normal appearing fundi were
exposed to diffuse argon laser radiation at 514.5 nm. The chaired
animal's head was restrained and positioned near the center of a
0.75 m hemisphere located inside a standard primate cubicle. The
hemisphere was irradiated nearly uniformly by reflecting the laser
beam into the cubicle and diffusing the radiation onto its surface
(6,7). The ripbt eye of each subject was occluded during the two hour
exposure sessions. The measured pupil diameters of the three subjects
after adapting to the stimulus ranged from 4.0 to 4.4 mm. Animnl 1
received 24 cumulative hours of exposure (average hemisphere radiance
= 6.1 uW/cm /.,r) in 12 sessions over an JR-day period. Enucleation
occurred % days following the lant exposure session. Animal 2
received 40 cumulative hours of exposure (average hemisphere radiance

12 uW/cm/2 fsr) in 20 sessions over a 37-day period. Enucleation
occurred 11 days after the last exposure session. Animal " received
4' cumilative hours of oxposure (average hemisphere radiance = 440
IIW,/cm'/,r, in 21 sessions over a 42-day period. Enucleation occurred
7 days aftor the last exposure session.

Two noriexposed maculns from two other Rhesus monkeys (animals A
and B) were evaluated as controls (Table I). All enucleations were
performed approximately at 10:00 a.m. on the day of sacrifice
(tranquiliz.ed with r0 mg/kg ketamine intramuscularly and anesthetined
with 10 mt/kg of sodium pentnbqrbitol intravenously).

The enu-leated eyes were fixed in 3% glutsraldehyde-25
paraformnl~dfhyde in 0.1 - sodium cacodylate buffer (pH 7.4) at room
temperature. The macultis were isolated in nasotemporal blocks (1.5 mm
long x 0.1i mm wide). After a brief rinse, blocks were en bloc stained
in oquoous :'!,uranyl goetnte then processed by routine transmission
electron microscopy (TEM) techniques. Plastic one micron serial
sections were cut until the foveola was reached. Blocks with the
foveola in the center were thin sectioned, and non-serial sections
were collected on formvar coated slot grids and stained with ethanolic
2% uranyl acetate and lead citrate. In defect-free sections the apex
of the RPP war sca nned at 7000x (TEM). The number of isolated striated
rootlet bundles and basal bodies was counted for each macula and
standardized for 1 nim length of RPE (Table 1).
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TABLE I

Rootlets and Centrioles in Macular Retinal Pigment Epithelium*

EXPOSED EYES OCCLUDED EYES

SUBJECTS ROOTLETS/mm CENTRIOLES/mm ROOTLETS/mm CENTRIOLES/mm

1 8.3 -  1.2 5.5 -  1.5 3.0 1.5 2.2 ! 1.1

2 6.9 1.1 4.2 - 0.71 2.6 - 1.7 2.1 - 1.4

3 4.9 ± 3.2 4.3 - 2.5 4.4 1.5 2.7 0.92

CONTROL EYES

2.6 1.2 0.9 Z 0.40
3.5 1.0 2.0 - 0.60

*The mean number of striated rootlet filament bundles and basal

bodies (centrioles) per unit length of retinal pigment epithelium
through the foveola. Striated rootlets and basal bodies were counted
in 8-12 nasotemporal sections at the TEM level. The total length of
each section evaluated was approximately 1.3 mm and the foveols was
situated approximately in the center.

RESULTS

Light and electron micrographic evidence of the nonexposed and
exposed retinas of Rhesus monkeys appears in Figures I through 7.

While a separation of photoreceptor outer segments from the RPE
was observed in sections through the foveola of the exposed eyes of
animals 1 and 2 (Figures Ib and 2b) no separation was observed in any
of the nonexposed eyes (Figures la and 2a) nor in the expos-d eye of
animal 3. The mea ured area of the largest observed separation
(animal 2) was 0.2 mm centered on the foveola and was associated with
the longest time between the last exposure and enucleation (11 days ).
The subretinal space produced by the separation was filled with
proteinaceous fluid.
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Figure 1. a. Light in ic rograph (it nonCyX pO SCd HICSI 1113i C Ul.r ( n asa-tc ttp oral sectiton 1) . L igh t icro-
graph of animal 2 (Table 1) after repeated loi, level e\psoeto diffuse argot, lascr radiation DIRi
A diminished on te rsegni en! -retinal pigment epie A Ail adhesion is present (opilI a rro iz.% 1 Periphteral
zone shows more normial 01-terstzmnrt adhecsion to KI' (/tar-r( us)
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IhP/r,' 2, a - 111),- W-~jpl ,j) noc\p. id rhLstis maculat RI I liii ba~aI both (aiwow) and
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An i ncreis e in + , 'n't [i ~ r basal hod ies and st riate
rootlets per mil1limeter of RF tse,,t ion was observed in the exposed
eyes when compared with values otained in nonexposed eyes (Table I.
Both the basal bodies aind rootlet-t Ware primarily observed in the cell
apex, near the cell border. no -orre sec tions, two or more hasi-
bodies were observed in the same ~Uwith associ-sted rootlets which
suggests interconnection (Fi-aures 'b, "c and la Both rootlets %nd
microtubules of the cilim unappenirod more prominent in exposedi eves
(Figures 1b, 0 b and 7a than in nonexpo sed eyes (Figures 2P and n~
"lhe basal body of the cilium in exposed eyes appeared normal and wns
anchored in the cellular cytoplasm 'Figur-s 7b and 'b inset 1 whi>r
the ciliarv microtubules- were present in an intracellular space
(Figures >b and inset 2

'he rootlets in the exposed rmoulns were observed in the base- of
microvilli of fip fovea (Figure 4n) and in the base of 2amellapodie1
that contact cone outer segments in the paramacula (Figure Wb. -n
addition, exposed eyes showed an increased association of rootlets
with many or go-nelies (lysosomes - Figures 2b anid "a, mitochondria -
Figure lb, nr.--!i r-ir nules - Fic'cce rb, golgi - Figure 6c, smooth

e n d o pla s m ir _ci u u t :- F i u1s , b n d - ,:, a n d n u c le u s - F ig u r e
-b). Rootlt- rrioici t4Ies (t-IC to >60 Rper striation), the number
of cells 'mm of the EPE, and the thickness of the RPF in exposed eyes
were comparable to values obtained in. nonexposed eyes.

Fhgure 2. concluided. c. I-lectron inicrogriph ol :ross-section of RPE apex oif exposed rhesus rnacu-
la shows two basal bodies connected bv sing~le rootlet (r). Cell border is at the loA-er right. (Bars on
all electron rnicrograph, 0.5 pmdi.

6
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igure 4 (oppositte pageo, a. Elct on nicrograph ot rhesus macula exposed l)A I.1<. Rootlet fila-
ments (r) in the RPE apex are oriented in register %%ith the long axis of the fovea EPI' microvilli (MV).
b. Electron micrograph of paramacular rcgiwi exposed to l)ALR. A striated roorlet-basal body complex
is located at the base of an Rn-. lamellapodiuni that cxtends to and Contacts the short cone outer segments.
The large o toplasinic process is delimited b\lrg:aro%s ilongitudinal section. A dense body' between
the rootlet and basal bod ' (small arrow) is sUggestisC cot a secondary\ basal bodY. The striated rootlet
and basal body complex plus the sytoplasmic extension represents a Uniquely specialized region of the
RPE that is associated with cones. (M) = melanin granule, (mn) =initrochiondria, and (p) =phagosome.
Inset, electron microigraph oif rhesus paraniacula exposed to l)ALR. Iliph magnification of rooitlet pic-
tured in Fiquri' -1). The dark striatiomns are formed by increased thickness and cross-bridging of rootlet
filaments (ar-ow). Bars = 0.5pmr.

Figure 5 (below), &. Electron micrograph of noncxposed rhesus macula. A basal body' is directed
nearlv horizontal with the RPE apex at the base of a microvillus. No microtubular cilium development
is evident (*). (M = melanin granule. b. Electron micrograph of rhesus macula exposed to DALR. A
basal body is directed inwardly and is situated below a melanin granule (M of a microvillus. An asterisk
(*) denotes the microtubular development of the cilium within an intracellular space. The difference can
be seen by comparing the sites on a and b. A rootlet (r) appears to insert into a dense granule (arrow)
located between the basal body and melanin granule.
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rigure 6. Electron micrograph of rhesu, macula cxposcd to l)ALR. a. (above) Zones of dense smooth
endoplasmic reticulumn (small arrows) are prcscnt throughout the RPE cell. A rootlet (lar , f arrou-)
appears to associate closely with the zones oit dense SF R --COItiflUC, Ofposite pagqe. b and c.

10



Fji ure 6, concludhed.

b (below, left). Ifigher magnification of rootlet picturcd in Figurc 6a. Note close association to normal
SER (arrows).

C (below, right). A rootlet (r) closely courses around a (;o lgi apparatus (arrow).

11
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FIgure 7. Fletron micrographs of rhesUs maul ci\poe to DAILX . a (top) A well-developed rootlct
courses from a basal body toward a lysosornal grai (U. The rootlet filaments taper at both ends sug-
gesting an origmnat the basal bodY' and an end near the I\ sostimal granule. 1) (b'ottomp le'ft) Rootlet filaments
pass near an RPF nucleus (N). C (bottom, rk'/'t) Two roodet fragments (r) are closely associated with the
dense regions of the SFR (lrrows),
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DISCUSSION

Light effects to the macula have not been widely reported.
Previous studies documenting either photoreceptor or RPE changes have
utilized light sources that are greater than those encount(red in this
experiment. Futhermore, we are reporting on the chronic effects of
low-level light exposure to the macula with the evaloation of tissue 2
hr after the last exposure.

After PALR, BB and SR complexes increise and form ,) more, el.borate
communication network in the macularRPEapex between t~e cellular
organellps. The SR and BB network appears to be located at. the base of
the apical processes that communicate with cone outer sepgments (q).
The increased occurrence of BBs and SRs in the RPE after the maculas
are exposed to DALR strongly suggests that these structures have a
greater involvement with some cone-specific function than proviously
suspected. This contention is supported, first by their incre:sed
occurrence in the base of pnramacular cone sheaths and, Fecondly, by
their increase in the cone-rich region of the fovea.

These morphologic changes to Iou-level coherent light h:,,v not
been reported previously for similar lipht exposure conditions. Whil
they may be unique in this regard, they may represent the lower end of
a continuum of morpholoic chanpes that are initiate-d in the RPF.
Previous investigations (i) that have stressed the IPE qs i mediaiting
influence in low-level light effects implied a close interrelitionship
between photoreceptor metabolic requirements and the role of the RPE
in such requirements.

An important consideration in the present results is that the
effects were observed in the central retina. It should be noted that
diffuse environmental lipht exposure in humans tend. to affect visual
functions that are more central in their retinal mdiation (10), and
recent investigations (11) in Rhesus monkeys where diffuse fiourescent
light exposure was employed support this notion. In this latter study
(11) paramecular sites were observed to be less sensitive to low level
light alteration than macular sites. In parallel behnvioral
investigations where DALR was employed spectral sensitivities for
central retinal functions were affected first anud in fact indi':tod
that the reduction of such central vision rsul ted in :-I ight
increase in sensitivity for peripheral visual processes

No changes between exposed and nonexposed eyes ,'oul d be mnde
based on gross photoreceptor outer segment (OS) or RPF nl Ioration.
Sykes et al. (11) report on a rod and cone differential in OS
alteration (macular) as a result of fluorescent light exposure. Tao
and Fine (12), however, utilizing a single 600 um spot n;iz,' from an
argon laser (48H nm) in the maculn do not show P similar 0:1 altoration
trend. Sinc, -yk( -st a!. 0t 1) saeri ficed thi r Vnima,1' hr ifti,r

13



the last exposure, the chanves seen in the rod OSs may be a result of
later RPF decompensation that may affect the functionp. integrity of
the photoreceptors. An i renalt tho morpholopic ehiracteri zation of
light-induced le:-ions maybf, ( loa rly dependent on such variables ,in
exposure time, recovory time, int.en.rity, and spectral e-haracteristios.

Several other investigations (17-15) involving the delineation of
nonthermal retinal mechanisms have implicated important structures in
the RPE without necessarily singling them out in the macula. Ham et
al. (15) point to a hypopipmentation of the RPF occurring to short
wavelength light and have sugested that the photochemical mechanism
for this effect lies in the ability of the melanin to respond to
hihly eneretic short wavelength light in a manner that is different
from its response to less energetic long wavelength light, i.e. in a
photochemical manner to short wavelength light and in a thermal manner
to long wnvvl'enth light. Corroberating action spectra have been
obtained by Lawwill et al. (14) but with much less specification of an
actual morphological site in the retina for the mediation of these
processes.

Another report (12) documenting changes to the macula from argon
laser exposure -rgues that th" RPE is functionally decompensated -nd
that it later affects the retina. Our findings tend to support the
concepts that coherent light induced changes are a result of q
reaction within the lEf or are due to some interaction between the RPE
and photoreceptorr.

Tf the RPF is the first to show light-induced changes it may be a
result of a pradual decompensation with failure to maintain the blood-
retinal aqrrier, resulting in edema, which we believe is responsible
for the small (0.2 mm2 ) subretinal separation confined to the foveola.
Pepending on animal varinbility, the amount of adaptation, and the
time of s'icrifice ,ifter the last exposure, these conditions may or may
not be maini fested. In addition, the changes reported in this study
a re reported nt the quantitative level. These changes may not be
obvious when observation is random and unsystematic.

Tso and Fne (12) also reported accumulation of edema 4 years
after argon laser exposure. In addition, the occurrence of
intrcytoplarsmic filaments or membranes and the large collection of
oriented and banded basement membranes 4 years after a single 1.0 to
1.1) W/20 min argon laser exposure have also been documented by Tso and
Fine (1?). These chanes were related to a chronic RPE decompensation
efffect with re sultant cytoid changes (12).

The nnimal that received the highest dose in our study (animal
5) showed inner retinal changes similar to what Tso and Fine (12)
called cytoid changes. In this animal, however, we observed a lower SR
and BR count. Hipher energy retina] exposures may preclude detection

14



of these structures. We report these changes after 40 days with
cumulative low-level exposures while Tso and Fine (12) report these
changes 4 years later in higher energy lesions.

The increased development of the basal body microtubules after
DALR appears to result in an inwardly djre cted cilium that is similar
in appearance to that found within photorect*ptor cells (16). Cilia
have previously been reported to be a normal constituent of embryonic
mammalian RPF but not of the adult (17). The increased development of
RPE cilia after DALR suggests that the cell may be reverting to n more
embryonic stage, perhaps directing its cytopl]smic milieu for
proliferation after an insult (I0.

Others (10) have suggested that rootlets orient the cilia or
coordinate their beat. Indeed investigators (2n,21) have reported
localization of myosin antibodies and actin-like filaments in the RPE
apex. Since active processes have been implicated in the RPE apex for
photoreceptor alignment toward the exit pupil. (22), the P; and SR may
subserve this function. A similar structure has been recently reported
to traverse the entire course of the rod photoreceptor in mammalian
retina (23) and more recently are reported in both rods and cones of
Rhesus monkey retina (3). While the response of such systems to light
is unknown, their complexity and frequency of occurrence suggests
activation by coherent light.

Still others (24) have suggested that cilin are concerned with
regulating the ionic balance betweer rods, cones, and the RPE.
Undoubtedly, factors influencing the RPE-photoreceptor processes, such
as, phagocytosis and retinal adhesion, would influence ionic
regulation. The increase in BBs and SRs and the development of basal
body microtubules may be a consequence of an ionic imbalance after
DALR.

The possibility that the morphologic effects observed in the
present study are related to the coherency of our diffuse light 7ource
should be considered (25). While previous low-level light expriments
have been done with incoherent light exposure, the present study
involved coherent light at very low exposure power levels. Low-level
coherent light exposure may involve a different mechanism for visual
functional alteration (13). The speckle pattern in the retinal plane
(independent of the ocular optics) is a random distribution of
intensity produced by constructive and destructive interferencc. This
pattern contains diffraction limited irradiated areas resultinp in a
stimulus with high spatial frequencies and unity contrast, that moves
with small eye or head movements. Theoretical calculations (2)
indicate that there is a small but finite probnbility that peak
retinal irradiances can be greater than a factor of I0) above the
average retinal irradiance. This speckle propwrty when ,'ouplod with
the narrow laser bandwidth (less than C.O9 nm) uniquely st;mulate. the



ret i na I p)hotorov,'pto(r:- ;nd ! h v 10'K nrid nity produce m0rpholor-i,.
changes.

CONCLUSIONS

Our morphologic observations show that increases in the macular

RPF ABs and S9s and concomitant foveal separation are associated with
rpented exposure to PALR at "nverage retinal irradiances well below
those required to produce either an acute thermal injury or those
levels maximally encountered in our environment that produce

nonthormal effects Although the functional significance of BB and SP

increases in the RPE are not clear, these increases may reflect
functional or metabolic changes in either the RPE, the macular cones,

or both. We wish to stress, however, that the mechanism for retinal
alteration underlying the changes observed in this experiment may be
unique, differing from previous metabolic nonthermal types of

gechnnism. described in other low-level light studies. How much of
the morphologic change represents damage remains unknown. Our
findings stress the RPE as a site of alteration as opposed to the
photoreceptors. Yet, the structures we have discussed are closely
related to photoreceptors and perhaps their metabolic processes. It
remains to be seen if similar increases in BBs and SRs occur in more

periper,i retinal regions after P1ALR.

RECOMMlIINATION

* It is recommended that the current study be continued and that

correlative dta on paramacular with macular sites be obtained.

* Additional studies should be conducted using more animals to
sipport these findingo.

* Other studies should also be initiated to determine the
underlying physiological and functional ramifications of the
inerese in striated rootlets and basal bodies in the retinal
pipment epithelium. The physiological and functional
implic'ations should be assep'sed in terms of the 1 :5er-safety
objectives. Specifically, it is strongly recommended that
previous interactions with Army laser system developers be
continuPd to insure maximum optimization of all laser system
p:arameters based on these research findings.

0 A -orrelntive study utilizing behavioral, morphological and
biochemical approaches should help reveal the significance of
the present findings.
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